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We propose a new mechanism for generating matter-antimatter asymmetry via the interference of
tree-level diagrams only, where the imaginary part of the Breit-Wigner propagator for an unstable
mediator plays a crucial role. We first derive a general result that a nonzero CP -asymmetry can
be generated via at least two sets of interfering tree-level diagrams involving either 2→ 2 or 1→ n
(with n ≥ 3) processes. We illustrate this point in a simple TeV-scale extension of the Standard
Model with an inert Higgs doublet and right-handed neutrinos, along with an electroweak-triplet
scalar field, where small Majorana neutrino masses are generated via a combination of radiative
type-I and tree-level type-II seesaw mechanisms. The imaginary part needed for the required CP -
asymmetry comes from the trilinear coupling of the inert doublet with the triplet scalar, along with
the width of the triplet scalar mediator. The real part of the neutral component of the inert doublet
serves as a cold dark matter candidate. The evolutions of the dark matter relic density and the
baryon asymmetry are intimately related in this scenario.
I. INTRODUCTION
The observed asymmetry between the number densi-
ties of baryonic matter and antimatter in the universe [1]
cannot be accounted for in the Standard Model (SM).
Therefore, a viable baryogenesis mechanism is an essen-
tial ingredient for the success of any beyond SM sce-
nario. The dynamical generation of baryon asymmetry
requires three necessary (but not sufficient) Sakharov
conditions [2] to be satisfied: (i) baryon number (B)
violation, (ii) C and CP violation, and (iii) out-of-
equilibrium dynamics. A well-known mechanism that
satisfies these conditions involves the 1 → 2 decays of
a heavy particle, such as in grand unified theory (GUT)
baryogenesis [3, 4] or leptogenesis [5] (for reviews, see
e.g. Refs. [6, 7]). To obtain a baryon/lepton asymme-
try in these 1 → 2 decay scenarios, one must consider
the interference between tree- and loop-level diagrams.
Furthermore, some particles in the loop must be able to
go on-shell, and the interaction between the intermedi-
ate on-shell particles and the final-state particles should
correspond to a net change in baryon/lepton number for
the net asymmetry to be nonzero; this is known as the
Nanopoulos-Weinberg theorem [8] (see also Refs. [9, 10]).
Similar interference effects between tree and loop-level
diagrams have also been considered for generating the
baryon asymmetry from 2 → 2 scattering [11–14] or an-
nihilation [15–20] processes.
In this paper, we argue that the interference between
tree and loop-level diagrams is not the only way to gener-
ate a nonzero asymmetry from out-of-equilibrium heavy
particle decays/annihilations. We propose a new mecha-
nism where it suffices to consider two sets of interfering
diagrams at the tree-level only. This can be achieved
through tree-level 2 → 2 scattering or 1 → n (with
n ≥ 3) decay processes mediated by unstable particles.
Then the CP -asymmetry can be generated from the com-
plex couplings and the propagator widths [see Eq. (3) be-
low], which could even be resonantly enhanced when the
center-of-mass energy is close to the propagator mass.
To illustrate our new mechanism, we will consider
a simple realistic model at TeV-scale, namely, combin-
ing the scotogenic model [21] (with an inert Higgs dou-
blet and right-handed neutrinos) and the type-II see-
saw framework [22–26] (with an SU(2)L-triplet scalar)
for small Majorana neutrino masses. For our parame-
ter choice of the model, the CP -asymmetry originates
from the complex trilinear coupling of the inert Higgs
doublet with the triplet scalar, along with the imaginary
part of the triplet scalar mediator width. Stabilized by
a discrete Z2 symmetry, the neutral component of the
inert doublet scalar plays the role of a TeV-scale weakly-
interacting dark matter (DM) candidate. Adopting three
benchmark points (BPs), we illustrate that the genera-
tion of baryon asymmetry via leptogenesis in this model
is intimately correlated with the DM relic density. It is
also found that successful leptogenesis sets limits on the
triplet vacuum expectation value (VEV) v∆ and the tri-
linear scalar coupling |µη∆| (see Fig. 7) – a feature that
could be directly tested at future high-energy colliders.
The rest of this paper is organized as follows. Our gen-
eral mechanism of attaining the CP asymmetry without
having explicit loop diagrams is explained in Section II.
The scotogenic plus type-II seesaw model is introduced
in Section III. The lepton asymmetry generation in this
model is detailed in Section IV. The collider signatures
are touched upon in Section V. Our conclusions are given
in Section VI. The scalar potential and scalar masses are
collected in Appendix A. The relevant thermal cross sec-
tions used in our analysis are given in Appendix B. The
thermal cross section relevant for the asymmetry in the
narrow-width approximation is given in Appendix C.
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FIG. 1. Generic schematic diagrams for tree-level 2 ! 2
processes that are responsible for lepton or baryon asymmetry
generation. i1,2 and f1,2 are respectively the initial and final
states, and m1,2 are the mediators.
where Im[C1C⇤2 ] is the imaginary part coming from the
couplings, which is required to be non-zero for CP vio-
lation, whereas Im[M1M⇤2] incorporates the imaginary
part from the sub-amplitudes M1, 2, which is reminis-
cent of the imaginary part coming from the interference
of tree and loop diagrams in the 1 ! 2 decay scenario.
Therefore, complex couplings are not su cient (although
necessary for CP violation) for realizing   6= 0. Eq. (3) is
a general result applicable to 2! 2 scatterings, as well as
1! N decays (for N   3). Note that for 1! 2 decays,
the tree-level decay rates for f1f2 and f¯1f¯2 final states
are both proportional to the modular square of the same
coupling, thus making   = 0. Therefore, one must con-
sider the interference between tree and loop diagrams to
generate a non-zero CP asymmetry in the 1! 2 decays.
In the tree-level 2 ! 2 processes we have only one
source for the complex sub-amplitudes, which is the me-
diator widths and exists in all the s-, t- and u-channel
diagrams. In general the sub-amplitudes M1, 2 can be
written in the form of
Mj = Aj
xj  m2j + imj j
, (4)
with j = 1, 2, xj = s, t, u the Mandelstam variables, mj
and  j respectively the mediator masses and widths, and
Aj arbitrary real expression. It is then trivial to get the
imaginary component:
Im[M1M⇤2] =
A1A2
⇥
(x1  m21)m2 2   (x2  m22)m1 1
⇤
[(x1  m21)2 +m21 21] [(x2  m22)2 +m22 22]
.
(5)
As long as (x1 m21)m2 2 6= (x2 m22)m1 1 in Eq. (7),
then with the imaginary couplings Im[C1C⇤2 ] 6= 0, we can
produce non-zero asymmetry   6= 0. This is the most
general argument and does not depend on the specific
channels of the two sub-processes or the model details.
The expression in Eq. (7) applies also to the 1! 3 decay
case.
i) If the two sub-processes are both in the s-channel,
as shown in (a) and (b) of Fig. 1, one just need to re-
place x1, 2 by s in Eq. (7). It is clear that the asymmetry
factor   can be largely enhanced in vicinity of the reso-
nance(s), with s m2i ⇠ mi i (with i = 1, 2), which is in
some sense similar to the enhancement e↵ect in resonant
leptogenesis [20].
ii) If one of the sub-amplitudes is in the s-channel and
the other one in the t- or u-channel, which is (a)+(d) or
(b)+(c) in Fig. 1, then it is in general a good approxima-
tion to neglect the imaginary part for the t- or u-channel
propagator. For concreteness we take M1 to be in the
s-channel and M2 in the x-channel (x = t or u). In
this case the imaginary sub-amplitudes can be slightly
simplified:
Im[M1M⇤2] ⇠=  
A1A2m1 1
[(s m21)2 +m21 21] (x m22)2
, (6)
which is proportional to the s-channel mediator width
 1. It could also be largely enhanced at the s-channel
resonance, i.e. s m21 ⇠ m1 1.
iii) If the two sub-processes are both in the t- or u-
channel, which is (c)+(d) in Fig. 1, then the width terms
in the denominator of Eq. (7) can be neglected, i.e.
Im[M1M⇤2] ⇠=
A1A2
⇥
(x1  m21)m2 2   (x2  m22)m1 1
⇤
(x1  m21)2(x2  m22)2
,
(7)
and asymmetry is suppressed by the widths via the ratio
mi i/(xj  m2j ) with i, j = 1, 2.
Scotogenic type-II seesaw.–We apply the tree-level
generation of matter-antimatter asymmetry to a minimal
realistic extension of SM, i.e. the amalgamation of scoto-
genic model [21] and type-II seesaw mechanism [22–27].
For the purpose of scotogenic mechanism, an inert dou-
blet ⌘ and three RHNs Ni are introduced; to implement
type-II seesaw, an isopin triplet   is added to the scalar
sector. Written with the full components, the beyond SM
scalars read, with the quantum numbers under the SM
SU(2)L ⇥ U(1)Y group put in the parenthesis:
⌘ =
 
⌘+
⌘0
!
2 (2, 1/2) ,   =
 
 ++  +
 +   0
!
2 (3, 1) . (8)
The inert doublet ⌘ and the three RHNsNi are odd under
the discrete Z2 symmetry, while all other particles are
even. In this model we assume the RHNs are heavier
than the ⌘ scalars, then the lightest neutral component
from ⌘ plays the role of DM particle.
The Yukawa couplings is given by the Lagrangian
LY = Y Ni↵ e⌘†L↵Ni + Y  ↵ LC↵ L  , (9)
with L the SM charged lepton doublets (C the charge
conjugation operator), ⌘˜ = i 2⌘, ↵,   = e, µ, ⌧ the lep-
ton flavor indices, and i = 1, 2, 3 the mass index for
FIG. 1. Generic topologies for tree-level 2 → 2 subprocesses
that can give rise to a nonzero lepton or baryon asymmetry.
Here i1,2 and f1,2 are respectively the initial and final states,
and m1,2 are the masses of two different mediators.
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FIG. 2. Generic topologies for tree-level 1 → 3 subprocesses
that can give rise to a nonzero lepton or baryon asymmetry.
Here i and f1,2,3 are respectively the initial and final states,
and m1,2 are the masses of two different mediators.
II. THE GENERAL MECHANISM
We propose that a net lepton or baryon asymmetry
can be generated from the interference effect of two sets
of tree-level decay or scattering diagrams with the same
initial and final states, as long as the following two con-
ditions are satisfied:
(i) There is a net nonzero lepton or baryon number
between the initial and final states.1
(ii) At least one set of decay or scattering amplitudes
is complex suc that the squared amplitudes for
particles and antiparticles are different, giving rise
to a net CP -asymmetry.
The simplest way to achieve this is through 2→ 2 scat-
terings (see Fig. 1) or 1→ 3 decays (see Fig. ) involving
two different intermediate state particles, with the outgo-
ing particles (or decay products) carrying a net nonzero
1 In principle, this condition can be somewhat relaxed if we con-
sider flavor-dependent asymmetries, with zero net lepton or
baryon number in the final state, a in flavor d leptogenesis (for
recent reviews, see e.g. Refs. [27, 28]). For simplicity, here we
will not consider such flavor-dependent effects.
baryon or lepton number. Without l ss of generality, we
focus here on the simplest 2→ 2 scattering case with the
initial states i1, i2 and with only two subprocesses for the
final states f1, f2 (here i1,2 and f1,2 generically s and for
bosons and/or fermions), mediated by intermediat -state
particles of mass m1 and m2, respectively. The total am-
plitude for the process i1i2 → f1f2 can be written as
M = (C1M1 + C2M2)W , (1)
where Ci contain only the couplings,W contains the wave
functions for the incoming and outgoing particles andMi
stand for the rest of the sub-amplitudes. The correspond-
ing amplitude for the conjugate process i¯1i¯2 → f¯1f¯2 is2
= (C∗1M1 + C∗2M2)W∗ . (2)
Comparing the modular squares of the amplitudes, we
obtain the CP -asymmetry factor
δ ≡ |M|2 − |M|2
= −4 Im[C1C∗2 ] Im[M1M∗2]|W|2, (3)
where Im[C1C∗2 ] is the imaginary part coming from the
couplings, which is required to be nonzero for CP vio-
lation, and Im[M1M∗2] incorporates the imaginary part
from the sub-amplitudes M1, 2, which is reminiscent of
the imaginary part coming from the interference of tree
and loop-level diagrams in the 1 → 2 decay scenario.
Eq. (3) is a general result applicable to 2 → 2 scatter-
ings, as well as 1→ n decays (for n ≥ 3).
In the tree-level 2 → 2 processes shown in Fig. 1, we
have only one source for the complex sub-amplitudes,
namely, the finite widths of the mediators. One may
argue that the finite width is also a loop-induced effect
for unstable mediators, since it is related to the imagi-
nary part of self-energy [29, 30]. However, the crux of
our new mechanism is that we only require a nonzero
width, whereas the 1→ 2 decay case needs both nonzero
width and interference between tree and loop (self-energy
and/or vertex correction) diagrams. In general, the sub-
amplitudesM1, 2 for the processes in Fig. 1 can be writ-
ten as
Mj = Aj
xj −m2j + imjΓj
, (4)
with j = 1, 2, xj = s, t, u the Mandelstam variables,
mj and Γj respectively the mediator masses and widths,
and Aj some arbitrary real parameters. The imaginary
component of the product of sub-amplitudes appearing
in Eq. (3) can then be written as
Im[M1M∗2] =
A1A2
[
(x1 −m21)m2Γ2 − (x2 −m22)m1Γ1
]
[(x1 −m21)2 +m21Γ21] [(x2 −m22)2 +m22Γ22]
,
(5)
2 Note that the CPT theorem only guarantees the equivalence of
rates for i1i2 → f1f2 and f¯1f¯2 → i¯1 i¯2.
3which is non-vanishing as long as (x1 − m21)m2Γ2 6=
(x2 − m22)m1Γ1 in the numerator. With the imaginary
part of the couplings Im[C1C∗2 ] 6= 0, we can then produce
a nonzero asymmetry [cf. Eq. (3)]. This general argu-
ment holds, irrespective of the specific subprocesses or
the model details.
For the tree-level 2 → 2 case in Fig. 1, we can have
three distinct possibilities for the two subprocesses to re-
alize Im[M1M∗2] 6= 0 in Eq. (5):
(i) If both subprocesses are in the s-channel [cf. Fig. 1
(a)+(b)], one just needs to replace x1, 2 by s in
Eq. (5). In this case, the CP -asymmetry factor δ
in Eq. (3) can be largely enhanced in the vicinity
of resonance(s), with s − m2i ' miΓi (with i =
1, 2), similar to the enhancement effect in resonant
leptogenesis [31, 32].
(ii) If one of the sub-amplitudes is in the s-channel
and the other one in the t- or u-channel [cf. Fig. 1
(a)+(d) or (b)+(c)], one can safely neglect the
imaginary part for the t- or u-channel propagator.
For concreteness, we takeM1 as the s-channel and
M2 as the x-channel (x = t or u) amplitude. In
this case, Eq. (5) can be simplified to
Im[M1M∗2] ' −
A1A2m1Γ1
[(s−m21)2 +m21Γ21] (x−m22)
, (6)
which is proportional to the s-channel mediator
width Γ1. Here also the CP -asymmetry could be
largely enhanced at the s-channel resonance, i.e.
s−m21 ' m1Γ1.
(iii) If both subprocesses are in the t- or u-channel
[cf. Fig. 1 (c)+(d)], then the width terms in the
denominator of Eq. (5) can be neglected, i.e.
Im[M1M∗2] '
A1A2
[
(x1 −m21)m2Γ2 − (x2 −m22)m1Γ1
]
(x1 −m21)2(x2 −m22)2
.
(7)
In this case, the CP -asymmetry is suppressed by
the ratio miΓi/(xj −m2j ) with i, j = 1, 2.
In the next section, we will consider an explicit exam-
ple that realizes the possibility (ii) discussed above.
III. AN EXAMPLE
To illustrate our new mechanism in a minimal re-
alistic extension of SM, we consider an amalgamation
of the scotogenic model [21] and type-II seesaw [22–26]
mechanisms at TeV-scale. For the purpose of scotogenic
mechanism, an inert SU(2)L-doublet scalar η ≡ (η+, η0)
and three right-handed neutrinos (RHNs) Ni (with i =
1, 2, 3) are introduced. To implement type-II seesaw, an
SU(2)L-triplet scalar ∆ ≡ (∆++,∆+,∆0) is added. The
inert doublet η and the three RHNs Ni are odd under a
discrete Z2 symmetry, while all other particles are even.
In this model, we assume the RHNs, as well as the triplet
scalar components, are heavier than the η scalars, so any
asymmetry generated by the conventional decays of N
and/or ∆ is not relevant at the temperature scale of in-
terest. An added advantage of our mechanism is that the
lightest neutral component η0 plays the role of DM [21],
with its relic density intimately connected to the lepton
asymmetry. A nonminimal coupling of the inert dou-
blet to gravity can also successfully accommodate infla-
tion [33, 34].
The relevant Yukawa couplings are given by the La-
grangian
−LY = Y Niα η˜†LαNi + Y ∆αβLCα∆Lβ + H.c. , (8)
with L ≡ (ν, `) being the SM lepton doublet, C the
charge conjugation operator, η˜ = iσ2η
∗ (σ2 being the
second Pauli matrix), α, β = e, µ, τ the lepton flavor
indices, and i = 1, 2, 3 the RHN mass indices. For sim-
plicity, we assume there is no mixing nor CP violation in
the RHN sector. The mass parameter µη∆ in the scalar
potential
V ⊃ µη∆η†∆†η˜ + H.c. (9)
is chosen to be complex, which is crucial for the CP -
asymmetry [cf. Eq. (3)]. The full scalar potential and
the resultant physical scalar masses are collected in Ap-
pendix A.
In this setup, the neutrino mass is generated from both
loop-level scotogenic and tree-level type-II seesaw mech-
anisms, which are induced respectively by the Yukawa
couplings Y N and Y ∆ given in Eq. (8):
mν = (Y
N )TΛY N + Y ∆v∆ , (10)
where Λ is an effective loop-suppressed RHN mass scale,
given by [21, 35]
Λii =
mNi
16pi2
[
m2ηR
m2Ni −m2ηR
ln
(
m2Ni
m2ηR
)
− m
2
ηI
m2Ni −m2ηI
ln
(
m2Ni
m2ηI
)]
. (11)
We have assumed that the RHNs do not mix with each
other, therefore Λ is a diagonal matrix. The Yukawa cou-
plings in Eq. (10) are related to the neutrino oscillation
data, Λ and the triplet VEV 〈∆0〉 = v∆ as follows:
Y Niα = F
1/2
I
(
Λ−1/2Om̂1/2ν U†PMNS
)
iα
, (12)
Y ∆αβ = FIIv
−1
∆ (U
∗
PMNSm̂νU
†
PMNS)αβ , (13)
where m̂ν = {mν1 , mν2 , mν3} the diagonal neutrino
mass eigenvalues, and UPMNS the PMNS lepton mix-
ing matrix. In Eq. (12) we have used the Casas-Ibarra
4parametrization [36] for the coupling Y N , with O an ar-
bitrary orthogonal matrix. FI and FII are the fractions
of contributions to neutrino mass matrix from the radia-
tive scotogenic and tree-level type-II seesaw mechanisms
respectively, with FI + FII = 1.
IV. GENERATION OF LEPTON ASYMMETRY
AND DARK MATTER RELIC DENSITY
As stated above, the matter asymmetry is generated
from the interference effect between two tree-level dia-
grams, which are shown in Fig. 3 for our scotogenic type-
II seesaw model with m∆ & 2mη.3 In particular, we
analyze the 2→ 2 ∆L = 2 scattering processes
ηη → LαLβ , (14)
which include η±η± → `±α `±β , η0η± → `±α νβ and η0η0 →
νανβ . These processes can be mediated by an s-channel
triplet scalar ∆, and also by RHNs Ni in the t- and
u-channels, as shown in Fig. 3. The effective CP -
asymmetry factor [cf. Eq. (6)] is given by
δ = 4
∑
i
Im
[
µη∆
{
Y NY ∆
∗
(Y N )T
}
ii
]
× smNim∆Γ∆
(s−m2∆)2 +m2∆Γ2∆
[
1
t−m2Ni
+
1
u−m2Ni
]
, (15)
where Γ∆ is the triplet scalar width. With the width in
the numerator of Eq. (15), the asymmetry in this simple
model can be viewed as the interference effect of RHN-
mediated tree-level diagram in the right panel of Fig. 3
and the one-loop correction to the triplet propagator in
the s-channel, where the s-channel process corresponds
to the following subprocesses
ηη → ∆(∗) , ∆(∗) → LL (16)
which incorporate the conventional one-loop decay of
(on-shell) triplet scalars into a lepton pair.
From an effective field theory (EFT) perspective, if we
integrate out the heavy mediator masses m∆ and mNi ,
the width effect has to be consistently incorporated into
the effective coupling. This can be understood by insert-
ing a self-energy diagram in the ∆-propagator in Fig. 3
and then integrating out the resulting two ∆ propagators
to obtain a loop-level effective coupling that includes the
width of ∆, giving rise to a non-vanishing asymmetry.
In Eq. (15), the imaginary part of the product of the
Yukawa couplings Y N , Y ∆ [cf. Eq. (8)] and the trilinear
3 In the opposite regime where m∆ < 2mη , an asymmetry can be
generated via the interference between tree-level ∆→ LL decay
mediated by the Yukawa coupling Y ∆ and the vertex correc-
tion to this decay induced by two η’s and a N mediated by the
couplings µη∆ and Y
N respectively.
3
RHNs. For simplicity we assume there is no mixing nd
CP phase in the RHN sector. The most general sc lar po-
tential for the SM Higgs H = (H+, H0)T, inert doublet
⌘ and the triplet   is
V    µ2H(H†H) + µ2⌘(⌘†⌘)  µ2 Tr
h
 † 
i
+ (µH  eH† H
+ µ⌘ ⌘
† †e⌘ +H.c.) +  H(H†H)2 +  ⌘(⌘†⌘)2
+   {Tr
h
 † 
i
}2 +  0 Tr
h
 †  † 
i
+  H⌘|H†⌘|2 +  0H⌘(H†H)(⌘†⌘) +  00H⌘((H†⌘)2 +H.c.)
+  H (H
†H)Tr
h
 † 
i
+  0H Tr[H
†  †H]
+  ⌘ (⌘
†⌘)Tr
h
 † 
i
+  0⌘ Tr[⌘
†  †⌘] , (10)
where H˜ = i 2H, the mass parameters µ
2
H, ⌘,  > 0 which
make sure the SM Higgs doublet H and the triplet   ob-
tain non-vanishing vacuum expectation values (VEVs),
i.e. hH0i = v ' 246 GeV and h 0i = v . The mass
parameter µ⌘  is complex, which is crucial for the mat-
ter asymmetry generation (see Eq. (17)). All the rest
parameters in Eq. (10) are (assumed to be) real. All
the masses for the real scalars, pseudo-scalars and the
charged scalars can be obtained from the potential (10),
which is detailed in the Appendix. Note that here the
doublet ⌘ is odd under the Z2 symmetry and does not
mix the SM Higgs and the triplet, which is necessary for
the neutral real component ⌘R to be a stable DM candi-
date.
In this setup the neutrino mass is generated from
both scotogenic and tree-level type-II seesaw mecha-
nisms, which are induced respectively by the Yukawa
couplings Y N and Y   in Eq. (9):
m⌫ = (Y
N )T⇤Y N + Y  v  (11)
where ⇤ is an e↵ective loop-suppressed RHN scale, given
by [28]
⇤ii =
mNi
16⇡2
"
m2⌘R
m2Ni  m2⌘R
ln
✓
m2Ni
m2⌘R
◆
  m
2
⌘I
m2Ni  m2⌘I
ln
✓
m2Ni
m2⌘I
◆#
, (12)
with MNi the RHN masses. We have assumed the RHNs
do not mix with each other, therefore ⇤ is a diagonal
matrix. The Yukawa couplings in Eq. (11) are related to
the neutrino oscillation data, ⇤ and v  via
Y Ni↵ = F
1/2
I
⇣
⇤ 1/2O bm1/2⌫ U†PMNS⌘
i↵
, (13)
Y  ↵  = FIIv
 1
  (U
⇤
PMNS bm⌫U†PMNS)↵  , (14)
where bm⌫ = {m⌫1 , m⌫2 , m⌫3} the diagonal neutrino
mass eigenvalues, UPMNS the PMNS lepton ixing ma-
trix. In Eq. (13) we have used the Casas-Ibarra param-
eterization [29] for the coupling Y N , with O an arbi-
trary orthogonal mat ix. FI and FII are the fractions of
⌘
⌘
L↵
L 
 
⌘ L↵
⌘ L 
Ni
FIG. 2. Feynman diagrams generating the lepton asymmetry.
contribution to neutrino masses matrix respectively from
the radiative type-I seeesaw and tree-level type-II seesaw
mechanisms, with FI + FII = 1.
Lepton asymmetry generation.– As stated above,
the matter asymmetry is generated from the interference
e↵ects between two tree-level diagrams, which are shown
in Fig. 2 for the scotogenic type-II seesaw model. In
particular, the lepton asymmetry is generated in this case
from the scattering process in the early universe:
⌘⌘ ! L↵L  , (15)
which incorporates the processes ⌘±⌘± ! `↵`  , ⌘0⌘± !
`↵⌫  and ⌘
0⌘0 ! ⌫↵⌫  . These processes can be mediated
by an s-channel triplet scalar  , and also by RHNs Ni in
the t- and u-channels, as seen in Fig. 2. In these processes
we can produce either two units or minus two units of
lepton numbers. Then it is straightforward to get the
e↵ective asymmetry factor
  =
X
↵ i
4Im
h
µ⌘ Y
N
i↵ Y
 ⇤
↵  Y
N
i 
i
⇥ smNim   
(s m2 )2 +m2  2 

1
t m2Ni
+
1
u m2Ni
 
, (16)
where    is the triplet scalar width and we have in-
cluded both the t- and u-channels for the RHN-mediated
processes. Here the imaginary part comes purely from
the combinations of the Yukawa couplings Y N , Y   and
the mass parameter µ⌘ , which can be parameterized asX
↵ 
Im
h
µ⌘ Y
N
i↵ Y
 ⇤
↵  Y
N
i 
i
= FIFIIv
 1
  Im
n
µ⌘ Tr
h
⇤ 1/2O bm2⌫OT⇤ 1/2io . (17)
Note that the O matrix might also be complex, thus con-
tributing to the imaginary part in Eq. (17) and the asym-
metry factor in Eq. (16), and O bm2⌫OT 6= bm2⌫ if O is not
an identity matrix.
The genesis of leptonic asymmetry is then governed by
the Boltzmann equations:
dX⌘
dz
=
 s
H(z)z
⇥
(X2⌘   (Xeq⌘ )2)h vi(⌘⌘ ! SMSM)
⇤
,
dX L
dz
=
s
H(z)z
⇥
(X2⌘   (Xeq⌘ )2)h vi (⌘⌘ ! LL)
  2X LXeq` r2⌘h vitot(⌘⌘ ! LL)
FI . 3. Feyn an diagra s for the 2→ 2 scattering processes
ηη → LαLβ in our example model.
coupling µη∆ [cf. Eq. (9)] c be parameterized using
Eqs. (12) and (13) as follows:
Im
[
µη∆
{
Y NY ∆
∗
(Y N )T
}
ii
]
= FIFIIv
−1
∆ Im
[
µη∆
{
Λ−1/2O m̂2νOTΛ−1/2
}
ii
]
. (17)
In general, the orthog nal O-matrix might be complex,
thus potentially contributing to the imaginary part in
Eq. (17).
It is interesting that part of the same 2 → 2 pro-
cesses in Eq. (14) containing η0 contributes also to the
(co)annihilation of DM particles. In this sense, the time
evolutions of DM relic density and the lepton asymmetry
are correlated, as we will see below. The freeze-out mech-
anism for DM is identical to the standard inert doublet
case [37, 38], where DM annihilates into the SM particles.
A. Boltzmann equations
The cogenesis of DM relic density and leptonic asym-
metry is governed by the coupled Boltzmann equations
dYη
dz
=
−s
H(z)z
[
(Y 2η − (Y eqη )2)〈σv〉(ηη → SM SM)
]
,
(18)
dY∆L
dz
=
s
H(z)z
[
(Y 2η − (Y eqη )2)〈σv〉δ(ηη → LL)
− 2Y∆LY eq` r2η〈σv〉tot(ηη → LL)
− 2Y∆LY eqη 〈σv〉(ηL¯→ ηL)
]
, (19)
where z = mη/T , Y
(eq)
i ≡ n(eq)i /s are the normalized
number densities (in equilibrium) for the particles i (s be-
ing the entropy density), Y∆L = YL−YL¯, rη = Y eqη /Y eq` ,
and
H(z) =
√
8pi3g∗
90
m2η
z2MPl
(20)
with MPl the Planck scale and g∗ the number of rela-
tivistic degrees of freedom at temperature T . Here the
〈σv〉’s are the thermally-averaged annihilation/scattering
rates: 〈σv〉(ηη → SM SM) is the DM annihilation rate,
and 〈σv〉tot, δ(ηη → LL) are respectively given by
〈σv〉tot(ηη → LL) ≡ 〈σv〉(ηη → LL)
5+〈σv〉(η∗η∗ → L¯L¯) , (21)
〈σv〉δ(ηη → LL) ≡ 〈σv〉(ηη → LL)
−〈σv〉(η∗η∗ → L¯L¯) . (22)
The expressions for all the thermal cross sections appear-
ing in Eqs. (18) and (19) are collected in Appendices B
and C.
Evaluating the Boltzmann equations above, one can
obtain the lepton asymmetry Y∆L(z), which is then con-
verted to baryon asymmetry Y∆B = −(28/51)Y∆L [39]
via the standard electroweak sphaleron processes [40] at
the sphaleron transition temperature Tsph = (131.7±2.3)
GeV [41]. In an analogous way, one can also calculate the
evolution of the DM density Yη from Eq. (18) and get the
final relic abundance ΩDMh
2 = 2.755× 108Yη(mη/GeV)
at DM freeze-out temperature Tf ' mη/20.
We note here that our mechanism for generating the
lepton asymmetry and DM relic density simultaneously
is similar to the WIMPy baryogenesis mechanism [17].
A crucial criterion for achieving successful asymmetry
in both cases is that the washout of the asymmetry pro-
cesses must freeze-out before the freeze-out of the DM an-
nihilation processes, i.e 〈σv〉tot(ηη → LL) < 〈σv〉(ηη →
SM SM). In Ref. [17], both washout and DM freeze-out
are governed by the same final states; therefore, one of
the final states is required to be massive to satisfy the
above freeze-out condition. In our case, however, the
dominant process for DM freeze-out is ηη → W+W−
via SU(2)L gauge interaction, whereas the dominant
washout process is ηη → LL via the Yukawa couplings;
therefore, we can satisfy the freeze-out condition for suit-
able choice of the Yukawa couplings without requiring
any of the final states to be massive.
B. Numerical results
The three BPs used in our numerical analysis of the
baryon asymmetry Y∆B and DM relic density ΩDMh
2
[cf. Fig. 5] are collected in Table I. These are obtained by
implementing our model in SARAH 4 [42] and after check-
ing consistency with all lepton flavor violating constraints
using SPheno 4.0.4 [43]. The observed value of DM relic
density is obtained in each case by fixing the Higgs-DM
quartic couplings λHη = −λ′Hη in Eq. (A1) for a given
mass scale µη as shown in Table I. This assumption is
taken in order to ensure the mass of the charged scalar is
always higher than the neutral scalar masses (i.e ηR and
ηI). All the quartic couplings in Eq. (A1) not listed in
this table are set to be zero.
We solve the Boltzmann equations (18) and (19) nu-
merically for the three representative BPs in Table I. We
assume FI = FII = 1/2 in Eqs. (12) and (13), i.e. equal
contributions from scotogenic and type-II seesaw to neu-
trino masses. This choice maximizes the CP -asymmetry
in Eq. (17), subject to keeping other factors the same.
In addition, the O matrix is taken to be identity, so that
Om̂2νOT = m̂2ν , and the mass parameter µη∆ is assumed
TABLE I. Three BPs for the numerical analysis. All the quar-
tic couplings in Eq. (A1) not listed in this table are set to be
zero. Here ∆mη0 = mηR −mηI is the mass splitting between
the two scalars ηR and ηI .
BP1 BP2 BP3
v∆ 1 keV 1 keV 1 keV
µη 600 GeV 1 TeV 1.5 TeV
µH∆ 33.6 keV 93.5 keV 210 keV
µη∆ 15i GeV 7.1i GeV 6i GeV
mN1 6 TeV 10 TeV 15 TeV
mN2 6.6 TeV 11 TeV 16.5 TeV
mN3 7.2 TeV 12 TeV 18 TeV
mη0 600 GeV 1 TeV 1.5 TeV
∆mη0 506 keV 300 keV 200 keV
mη± 606 GeV 1 TeV 1.5 TeV
m∆0 1.2 TeV 2 TeV 3 TeV
m∆± 1.2 TeV 2 TeV 3 TeV
m∆±± 1.2 TeV 2 TeV 3 TeV
λH 0.253 0.253 0.253
λHη 0.19 0.56 0.91
λ′Hη −0.19 −0.56 −0.91
λ′′Hη 1× 10−5 1× 10−5 1× 10−5
to be purely imaginary in Eq. (17). In doing so, the
contribution for the asymmetry coming from the stan-
dard decay of N ’s will not come into play as it requires
non-trivial orthogonal matrix O. The RHNs are taken
to be much heavier than the η particles to avoid the
wash-out of lepton asymmetry from the inverse decay
processes Lαη → Ni. For the BPs we take, the mass
splitting mηI − mηR (with ηI the imaginary part from
η0) is larger than 100 keV scale, such that the direct
detection constraints for inelastic scattering of DM with
nucleons [44–46] can be evaded.
The evolutions of the DM relic density ΩDMh
2 and the
baryon asymmetry Y∆B are evaluated using micrOMEGAs
5.0 [47] and the results are presented in Fig. 4. The
time evolutions of DM relic density for BP1, BP2, and
BP3 are denoted, respectively, by the red solid, dashed
and dot-dashed curves. For each choice of the DM mass,
the maximal contribution to baryon asymmetry comes in
the vicinity of the s-channel resonance in Fig. 3, i.e when
2mη → m∆. In Fig. 4 we have fixed the ∆-mediator mass
at the resonance point and have satisfied the required
baryon asymmetry by fixing the trilinear coupling µη∆
as shown in Table I.
The dependence of baryon asymmetry on the absolute
value of the trilinear coupling |µη∆| and the triplet scalar
mass m∆ is shown in Fig. 5. For each of the three BPs
given in Table I, we show the variation of Y∆B as func-
tion of the mediator mass for different values of µη∆, as
shown by the solid, dashed and dot-dashed lines with
green, blue and red, which correspond respectively to
BP1, BP2, and BP3. In the numerical calculations we
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FIG. 4. Net baryon number density Y∆B , DM density YDM
and neqDM〈σv〉δ/H as functions of temperature T , for the
three BPs in Table I. The solid horizontal black line indi-
cates the observed baryon number density Y obs∆B = (8.718 ±
0.004) × 10−11, and the dashed horizontal black line indi-
cates the central value of the observed DM relic density
ΩobsDMh
2 = 0.120 ± 0.001 [1]. The vertical solid line repre-
sents the central value of the sphaleron freeze-out tempera-
ture Tsph = (131.7± 2.3) GeV.
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FIG. 5. Net baryon number density Y∆B as function of the
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argument of pi/2) for each of the three BPs in Table I. The
solid horizontal black line indicates the central value of the
observed baryon number density Y obs∆B = (8.718 ± 0.004) ×
10−11.
have included the resonance effect in Eq. (15) when the
center-of-mass energy is close to the triplet scalar mass
m∆. The enhancement of baryon asymmetry at the res-
onance m∆ ' 2mη can be clearly seen in Fig. 5. Note
that in the narrow-width approximation, the thermal-
averaged cross section 〈σv〉δ asymptotically reaches a fi-
nite value [cf. Eq. (C3)] which determines the height of
the peak in Fig. 5, whereas the sharp drop right after
the resonance is due to the Boltzmann suppression in
Eq. (C3). As expected in Eq. (17), increasing the mag-
nitude of µη∆ results in a larger baryon asymmetry. We
have fixed |µη∆| for each BP in Table I to be the mini-
mum value for which the observed baryon asymmetry can
be obtained at the resonance. Note that for larger trilin-
ear couplings, one can also achieve the observed asym-
metry away from the resonance point. This plateau re-
gion is due to a mutual cancellation between the s- and
t-channel contributions in Fig. 3, which in turn lowers
the wash-out rate, and as a result, slightly enhances the
baryon asymmetry.
The dependence of baryon asymmetry on the triplet
VEV v∆ can be seen in the plots in Fig. 6. Here the
solid lines are for the evolution of Y∆B as function of T ,
and the dotted, dashed and dot-dashed lines denote the
evolution of the thermally-averaged cross sections 〈σv〉,
respectively for the processes (ηη → LL)δ, (ηη → LL)tot
and (ηη → SM SM). The red, blue, green and magenta
lines are respectively for the BPs with |µη∆| = 1 GeV,
10 GeV, 100 GeV and 1 TeV, and the left and right pan-
els are respectively for the VEVs of v∆ = 0.1 eV and
v∆ = 100 eV. Other parameter are set to be the same
as for BP1. When the VEV v∆ gets larger, the Yukawa
coupling Y ∆ ∝ v−1∆ will be smaller, so the wash-out effect
will be suppressed and the resultant baryon asymmetry
Y∆B will be larger, as can be seen by comparing the left
and right panels of Fig. 6.
Varying v∆ and |µη∆| and fixing all other relevant pa-
rameters as in Table I, we obtain the allowed regions of
v∆ and |µη∆| which simultaneously satisfy the observed
baryon number density Y obs∆B = (8.718 ± 0.004) × 10−11
and the observed DM relic density ΩobsDMh
2 = 0.120 ±
0.001, as shown by the shaded regions in Fig. 7 for the
three BPs.4 From this parameter scan, we find both lower
and upper bounds on the triplet VEV and the trilinear
coupling for each BP:
BP1 : 40 eV . v∆ . 1.5 MeV, 0.3 GeV . |µη∆| . 80 GeV,
BP2 : 20 eV . v∆ . 1.2 MeV, 0.3 GeV . |µη∆| . 380 GeV,
BP3 : 10 eV . v∆ . 20 MeV, 0.3 GeV . |µη∆| . 1.2 TeV.
(23)
The lower limit on |µη∆| is set by the Y∆B requirement,
while the upper limit is set by the relic density require-
ment, which is governed by the ηη → WW process that
is independent of v∆ for most part of the parameter
space. As for the limits on v∆, when v∆ is very small, the
Yukawa coupling Y ∆ ∝ v−1∆ is so large that the washout
effect from LL → ηη is too strong. On the other hand,
4 To find the maximum allowed parameter space for Y∆B , we take
the maximal CP phase for µη∆ and keep all the points with
Y∆B ≥ Y obs∆B . Since the CP -asymmetry depends on Im(µη∆),
cf. Eq. (15), we can always adjust the CP phase accordingly for
a fixed |µη∆| to get Y∆B = Y obs∆B . Therefore, we only show |µη∆|
and not its phase in Fig. 7.
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FIG. 6. Net baryon number density Y∆B and n
eq〈σv〉/H for the processes (ηη → LL)δ, (ηη → LL)tot and (ηη → SM SM) as
functions of temperature T , for the values of |µη∆| = 1 GeV, 10 GeV, 100 GeV and 1 TeV for the BP1 in Table I, with v∆ = 0.1
eV (left) and v∆ = 100 eV (right). The solid horizontal black line indicates the central value of the observed baryon number
density Y obs∆B = (8.718 ± 0.004) × 10−11, and the dashed horizontal black line indicates the central value of the observed DM
relic density ΩobsDMh
2 = 0.120±0.001. The vertical solid line represents the central value of the sphaleron freeze-out temperature
Tsph = (131.7± 2.3) GeV.
101 102 103 104 105 106 107
v  (eV)
100
101
102
103
|
| (
Ge
V)
BP 3
BP 2
BP 1
FIG. 7. Allowed parameter space of v∆ and |µη∆| for the three
BPs simultaneously satisfying the observed relic density and
baryon asymmetry, with all other relevant parameters set to
be the same as in Table I.
when v∆ is very large the coupling Y
∆ is too small to pro-
duce sufficient baryon asymmetry. Although one would
expect that the suppression of Y ∆ can be compensated
by increasing µη∆ [cf. Fig. 3 (left)], this in turn increases
the mass splitting between ηR and ηI , which decreases
Y N [cf. Fig. 3 (right)] to maintain the neutrino mass.
Due to this reason there is a sharp upper bound on v∆.
The leptogenesis mechanism in this model can thus be
directly tested at future lepton colliders by measuring the
Yukawa couplings of doubly-charged scalars [48], which is
intimately related to v∆ and the active neutrino masses
and mixings via Eq. (13). This model can also be tested
at future hadron and lepton colliders by searches of the
beyond SM particles in the scotogenic and type-II seesaw
models, as detailed in Section V.
V. COLLIDER SIGNALS
The BPs chosen for our model to simultaneously ex-
plain baryogenesis, DM and neutrino masses involve TeV-
scale beyond SM scalars and heavy RHNs which can be
directly tested at current and future high-energy collid-
ers. For instance, the neutral and charged triplet scalars
can be directly searched for at the Large Hadron Collider
(LHC) [49, 50], as well as in future High-Luminosity LHC
(HL-LHC) [51–55], 100 TeV hadron colliders [54, 56] and
lepton colliders [57], or indirectly probed in the high-
precision low-energy experiments like MOLLER [58]. It
is important to note here that the allowed range of v∆
in Fig. 3 correspond to the Yukawa couplings 5× 10−9 .
Y ∆ . 3×10−3 which give rise to prompt dilepton signals
in the ∆±± decays for the triplet masses considered in
Table I.
The charged η± scalars can be produced in association
with the neutral DM particle η0 through the W boson,
i.e. pp → W ∗ → η±η0 → η0η0W (∗) [59]. The inert dou-
blet scalars can also be produced from their couplings
to the SM Z boson via pp → ηRηIj or the SM Higgs
through pp→ η0η0j (with j being an energetic jet) [60].
The inert doublet sector can then be constrained by the
8mono-W [61, 62] and monojet [63, 64] searches at the
LHC. Our model can in principle be distinguished from
the pure scotogenic or pure type-II seesaw model at col-
liders using both inert doublet and triplet scalar signa-
tures.
In the scotogenic model, the RHNs do not mix directly
with the light active neutrinos. For our chosen BPs, the
heavy RHNs are heavier than the inert doublet and can
only be produced at high-energy colliders from the off-
shell decay η±∗ → `±αNi, followed by Ni → `±α η∓ (∗) →
`±α η
0W∓ (∗). Due to the Majorana nature of the heavy
RHNs, we can get same-sign dileptons, as in the Keung-
Senjanovic´ process [65], but now with significant missing
transverse energy (MET) due to the presence of η0 in
the final state. The SM background for `±`±+W+MET
is expected to be higher than that without MET, and a
detailed simulation is needed to estimate the prospects
of RHN signals in this model at future colliders.
VI. CONCLUSION
We have proposed a new technique to generate the ob-
served baryon asymmetry of the universe only via the
tree-level interference of 2 → 2 scatterings or 1 → 3
decays. The CP -violating asymmetry comes from the
absorptive part of the propagators. We have illustrated
this mechanism explicitly in a simple scotogenic model
with type-II seesaw, in which the asymmetry is gener-
ated in the ∆L = 2 processes ηη → LL mediated by
s-channel triplet scalars and t or u-channel RHNs. The
neutrino masses receive contributions from both scoto-
genic and type-II seesaw mechanisms. The real part of
the neutral component of the inert doublet η serves as a
DM candidate. As shown in Fig. 4 the baryon asymme-
try and DM relic density are correlated and both can be
matched to their observed values for (sub-)TeV inert dou-
blet and triplet masses. The baryogenesis requirements
impose both lower and upper bounds on the triplet VEV,
as shown in Fig. 7, with testable consequences at future
colliders.
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Appendix A: Scalar potential and scalar masses
The most general scalar potential for the SM Higgs
doublet H ≡ (H+, H0), inert doublet η ≡ (η+, η0) and
triplet ∆ ≡ (∆++, ∆+, ∆0) is given by
V =− µ2H(H†H) + µ2η(η†η)− µ2∆Tr
[
∆†∆
]
+ (µH∆H˜
†∆H + µη∆η†∆†η˜ + H.c.)
+ λH(H
†H)2 + λη(η†η)2 + λ∆{Tr
[
∆†∆
]}2
+ λ′∆Tr
[
∆†∆∆†∆
]
+ λHη|H†η|2 + λ′Hη(H†H)(η†η)
+ λ′′Hη((H
†η)2 + H.c.) + λH∆(H†H)Tr
[
∆†∆
]
+ λ′H∆Tr[H
†∆∆†H] + λη∆(η†η)Tr
[
∆†∆
]
+ λ′η∆Tr[η
†∆∆†η] , (A1)
where H˜ = iσ2H
∗, η˜ = iσ2η∗ and the mass parameters
µ2H, η,∆ > 0 so that both H and ∆ obtain non-vanishing
VEVs, i.e. 〈H0〉 = v ' 246 GeV and 〈∆0〉 = v∆. To
generate the baryon asymmetry from the tree-level inter-
ference effect, the coupling µη∆ is assumed to be complex,
and all other parameters in Eq. (A1) are assumed to be
real.
The physical masses for the neutral and charged scalars
can be obtained from minimization of the scalar potential
in Eq. (A1). Note that here the doublet η is odd under
the Z2 symmetry, which is essential to provide a DM can-
didate, and does not mix the SM Higgs and the triplet.
In particular, when we take the first-order derivative of
the potential with respect to the VEVs v and v∆, the
solutions of the tadpole equations for {µ2H , µ2∆} are given
by
µ2H =
1
2
(λHv
2 − 2
√
2µH∆v∆ + λH∆v
2
∆) , (A2)
µ2∆ =
1
2
(λ∆v
2
∆ − 2
√
2
µH∆
v∆
v2 + λH∆v
2) . (A3)
After replacing {µ2H , µ2∆} in the scalar potential, the mass
matrix for the real scalars reads
M0 =
(
λHv
2 −√2µH∆v
−√2µH∆v µH∆v
2
√
2v∆
)
, (A4)
from which we can get two mass eigenvalues for the real
component from H0 and the scalar ∆0R which is the real
part of ∆0. In the case of µH∆ ∼ O(100) keV, the two
CP-even scalar masses turn out to be
m2h ' λHv2 , m2∆0R '
µH∆v
2
√
2v∆
, (A5)
with the first one (h) identified as the SM-like Higgs bo-
son. The masses of the pseudo-scalar and the charged
9scalars from the triplet are respectively
m2∆I =
µH∆√
2v∆
(v2 + 4v2∆) , (A6)
m2∆± = m
2
∆±± =
(
µH∆√
2v∆
+
1
4
λ′H∆
)
(v2 + 2v2∆) .
(A7)
Finally the masses for real scalar ηR, pseudo-scalar ηI
and the charged scalars η± from the Z2-odd doublet η
are respectively
m2ηR,I =
1
2
[
2µ2η + (λHη + λ
′
Hη ± λ′′Hη)v2
+ (λη∆v∆ ∓ 2
√
2|µη∆|)v∆
]
, (A8)
m2η± =
1
2
(
2µ2η + λHηv
2 + (λη∆ + λ
′
η∆)v
2
∆
)
. (A9)
Appendix B: Thermal cross sections
The general expression for the thermally-averaged
cross section for the processes in Eqs. (18) and (19) is [47]
〈σv〉(i1i2 → f1f2) = 1
2Tm2i1K2(mi1/T )m
2
i2
K2(mi2/T )
×
∫ ∞
sin
∫ 1
−1
1
32pi
|M|2√
s
pi1i2pf1f2K1(
√
s/T ) ds d cos θ ,
(B1)
where T is the temperature, Ki the modified Bessel func-
tions of order i, M is the amplitude for the process
i1i2 → f1f2, and
pij ≡ 1
2
√
λ(s,m2i ,m
2
j )/s , (B2)
sin ≡ max[(mi1 +mi2)2, (mf1 +mf2)2] ,(B3)
λ(x, y, z) ≡ x2 + y2 + z2 + 2xy + 2xz + 2yz . (B4)
In Eq. (19), 〈σv〉tot(ηη → LL) and 〈σv〉(ηL → ηL) are
respectively for the amplitudes:
|Mtot(ηη → LL)|2 = m̂
2
ν
v2∆
F 2I |µη∆|2s
(s−m2∆)2 +m2∆Γ2∆
+
∑
i
F 2II
m̂2ν
Λ2ii
m2Nis
[
1
t−m2Ni
+
1
u−m2Ni
]2
+
FIFII|µη∆|(s−m2∆)
(s−m2∆)2 +m2∆Γ2∆
∑
i
m̂2ν
Λiiv∆
mNis
[
1
t−m2Ni
+
1
u−m2Ni
]
, (B5)
∣∣M(ηL→ ηL)∣∣2 = m̂2ν
v2∆
F 2I |µη∆|2(m2η − t)
(t−m2∆)2
+
∑
i
m̂2ν
Λ2ii
F 2IIm
2
Ni
s
(s−m2Ni)2 +m2NiΓ2Ni
+
FIFII|µη∆|(m2η − t)
(t−m2∆)2
∑
i
m̂2ν
Λiiv∆
mNis
[
s−m2Ni
(s−m2Ni)2 +m2NiΓ2Ni
]
. (B6)
The cross section 〈σv〉(ηη → SM SM) in Eq. (18) can be
found in [37, 38], with “SM SM” referring to the all the
possible channels involving the quarks, leptons, scalar
and gauge bosons in the SM.
Appendix C: Maximum Asymmetry
In Eq. (19) 〈σv〉δ(ηη → LL) is for the amplitude given
in Eq. (15) which produces the lepton asymmetry. In the
narrow-width approximation, the asymmetry in Eq. (15)
at the resonance point simplifies to
δ ' 4
∑
i
Im
[
µη∆
{
Y NY ∆
∗
(Y N )T
}
ii
]
× smNiδ(s−m2∆)
[
1
t−m2Ni
+
1
u−m2Ni
]
, (C1)
where we have used
m∆Γ∆
(s−m2∆)2 +m2∆Γ2∆
Γ∆/m∆→0−−−−−−−→ piδ(s−m2∆). (C2)
Plugging the amplitude (C1) back into Eq. (B1) and in-
tegrating over s, we get
10
〈σv〉δ(ηη → LL) = z
128pi2m5ηK
2
2 (z)
∫ ∞
sin
ds
pηηpLL√
s
K1
(√
sz
mη
)
δ
' 4pi
m2η
r4∆
µ˜2η∆
∑
α,β |Yαβ |2
Γ∆→ηηΓ∆→LL
∑
i
Im
[
µη∆
{
Y NY ∆
∗
(Y N )T
}
ii
] K1(r∆z)
rNiK
2
2 (z)
, (C3)
where µ˜η∆ = µη∆/m∆, ri = mi/mη, pij and sin are
defined in Eqs. (B2) and (B3) respectively, and
Γ∆→ηη =
1
16pi
µ˜2η∆pηη , (C4)
Γ∆→LL =
1
16pi
|Yαβ |2pLL . (C5)
It can be seen from Eq. (C3) that the thermally-averaged
asymmetry asymptotically reaches a finite value at the
resonance, which determines the height of the peak in
Fig. 5.
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